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The development of polymer materials that exhibit excellent mechanical properties and can respond to
environmental stimuli is of great scientific and commercial interest. In this work, we report a series of
biomimetic supramolecular polymers using a ligand macromolecule carrying multiple tridentate ligand
2,6-bis(1,2,3-triazol-4-yl)pyridine (BTP) units synthesized via CuAAC in the polymer backbone together
with transition and/or lanthanide metal salts. The metal–ligand complexes phase separate from soft
linker segments, acting as physical crosslinking points in the materials. The metallo-supramolecular films
exhibit superb mechanical properties, i.e., high tensile strength (up to 18 MPa), large strain at break
(>1000%) and exceptionally high toughness (up to 70 MPa), which are much higher than those of the
ligand macromolecule and are tunable by adjusting the stoichiometric ratio of Zn2+ to Eu3+ and the
stoichiometry of metal ion to ligand. The metal–ligand hard phase domains are demonstrated to be
thermally stable but mechanically labile, similar to the behaviors of covalent mechanophores. The
thermal stability and mechanical responsiveness are also dependent on the compositions of metal ions.
The disruption of the hard phase domains and the dissociation of metal–ligand complexes under
stretching are similar to the unfolding of modular domains in modular biomacromolecules and are
responsible for the superb mechanical properties. In addition, the biomimetic metallo-supramolecular
materials display promising responsive properties to UV irradiation and chemicals. These well designed,
created and characterized robust structures will inspire further accurate tailoring of biomimetic
responsive materials at the molecular level and/or nanoscale.Introduction
Persistent innovation of synthetic polymer materials enables
lasting success in numerous industrial, biomedical and other
frontier technology applications. In the design and synthesis of
functional polymers, there is still a fundamental challenge to
tailor the complex, multiscale structures to meet the needs for
desirable robust and responsive materials. In particular, the
development of synthetic polymers that are healable, self-
adjustable to complex environments (multi-responsive to
external stimuli) and can perform under high mechanical loads
with the accommodation of large strain is an increasingly
attractive area.1–5 It is difficult to integrate all necessary featuresistry and Chemical Engineering, Xiamen
ina. E-mail: wgweng@xmu.edu.cn
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Chemistry 2013within one type of structure in traditional man-made polymers
derived from irreversible covalent carbon–carbon bonds, since
these properties usually involve multiple molecular mecha-
nisms that are orthogonal to each other.6
On the other hand, nature has developedmany sophisticated
and very elegant biomacromolecules likethe skeletal muscle
protein titin,7–9 red cell spectrin10 and spider silk,11 which
possess superb mechanical properties with high tensile
modulus, toughness and resilience. The high tensile modulus
was revealed to come from the complex and hierarchical
structures self-assembled by modular domains held by
secondary interactions,4,5 e.g., hydrogen-bonding, hydrophobic
and electrostatic interactions. These ne secondary and tertiary
modules such as a-helix, b-sheet and polyproline type II not only
play important roles for their physiological functions but also
are known for their excellent mechanical responsiveness.4,5,12
Many single-molecule force spectroscopy experiments were
carried out on these biomacromolecules in the past decade7–12
and saw-tooth proles of force–extension relationships were
oen observed. Each peak on the saw-tooth curves corresponds
to the unfolding of a single module, which acts like stress reliefJ. Mater. Chem. B, 2013, 1, 4809–4818 | 4809











































View Article Onlineby providing additional contour length for the chain segments
at risk prior to failure.3,4,13 The sequential sacrice of these
modules makes the biomacromolecules strong and tough.
Moreover, this process is reversible, since the unfoldedmodules
can refold to their original favorable conformations during the
retraction, leading to elasticity.4
One prevalent strategy to mimic these biomacromolecules is
to program weak molecular forces into polymer systems to
guide the self-assembly into analogue modular structures.
Thanks to the rapid developments in supramolecular chem-
istry, there have been several reports recently describing the
rational design of biomimetic modular structures that exploit
hydrogen bonding, hydrophobic interactions and ion–ion
interactions to toughen polymers.3,14–21 Of particular note is the
work by Guan and coworkers. Inspired by titin, they rst
developed its synthetic analogue by employing a dimeric
hydrogen bonding system based on a looped 2-ureido-4[1H]-
pyrimidone (UPy) motif as the building block of the biomimetic
modular domain.3 The resulting polymers exhibited excellent
mechanical properties. To overcome the issues like interchain
dimerization in the previous work, they further developed
double-closed-loop (DCL) modules of b-sheets14 and UPy
dimers.15,16 When the UPy based DCL modules were incorpo-
rated into the polymer backbone, a rare combination of high
modulus, high toughness, and adaptive properties, including
self-healing and shape memory, was achieved.16
Kinetically labile metal–ligand interactions have been
recently widely used to build multi-responsive dynamic mate-
rials,22–33 including optically healable supramolecular polymers
based on a photothermal conversion mechanism29 as well as
self-healing polymer coatings using ligand macromolecule
bearing ligands in the side chains.31 Our group has recently
developed a new type of ligand macromolecule, where multiple
tridentate ligand BTP units synthesized via CuAAC click
chemistry were incorporated into the polymer backbone by
using polytetrahydrofuran (PTHF) linkers (Fig. 1a).25 Previously,
we have shown that the ligand macromolecule could coordinate
with metal ions such as transition metal ion Zn2+ and/or
lanthanide ion Eu3+ to form supramolecular gels in neutral
solvents that are sensitive to various stimuli and self-healable.
However, the bulk mechanical properties of the metallo-
supramolecular polymers have not yet been understood. In the
present work, we are interested in seeing if the dynamic and
reversible metal–ligand interactions could be used in the
construction of biomimetic polymers that show both robust
mechanical properties and adaptability to various stimuli. Of
most interest to us are the effects of the nature of the metal–
ligand interactions on the load-bearing capacity of the supra-
molecular domains as well as the adaptive mechanical
properties.
As illustrated in Fig. 1b, metal ions rst coordinate with the
BTP ligand units to form the metal–ligand complexes, which
may further phase separate from the so PTHF segments to
form “hard phases” in the bulk. Both the complexes and the
resulting hard phases can act as the reversible physical cross-
links in the metallo-supramolecular polymers and mimic the
modular domains in biomacromolecules. Upon stretching, the4810 | J. Mater. Chem. B, 2013, 1, 4809–4818hard phases are expected to be disrupted by fragmentation and/
or by pulling the ligand units, the partially coordinated
complexes or the fully coordinated complexes out of the hard
phases, acting like the sacricial bonds which are abundant in
biomaterials and releasing the local strain energy.3,12,34 The
metal–ligand complexes and their phase segregated hard
domains can also be regarded as mechanophores (mechanically
labile moieties) because they are sensitive to mechanical
loading.35,36 Together with other fascinating features of the
metal ligand complexes (photo- and chemical responsive
properties), we are able to demonstrate in this work tough and
adaptive properties as well as unique mechano- and thermor-
esponsive behaviors of metal–ligand based mechanophores in
the metallo-supramolecular polymers.Results and discussion
Materials preparation
The synthesis of ligand macromolecule has been reported in
our previous publication.25 BTP ligand can coordinate well with
Zn2+ and Eu3+ to form 1 : 2 and 1 : 3 (metal–ligand) complexes,25
respectively. Therefore, mixing the ligand macromolecule with
the transitional metal ion and/or lanthanide can readily lead to
the formation of non-covalently crosslinked materials. Here,
clean and transparent lms with uniform thickness of around
0.5 mm (Fig. 2a) were obtained by casting the metallo-supra-
molecular gels into Teon casters, followed by careful drying.
Samples were denoted as m : n, where m and n denote the
theoretical molar percentages of the BTP ligands that bind to
Zn2+ and Eu3+, respectively. For example, 75 : 25 means theo-
retically 75% BTP ligands bind to Zn2+ ions and the remaining
25% bind to Eu3+ ions, 0 : 0 represents the lm made of the
ligand macromolecule only. In contrast to literature,27,28
mechanically stable and elastomeric lms can be formed for
any ratio of Zn2+ to Eu3+ and any ratio of metal ion to ligand unit
tested (no larger than 1), suggesting that our backbone type
ligand macromolecule is advantageous for the construction of
bulk materials with good mechanical properties.Mechanical properties
An example lm (0 : 100) made of the ligand macromolecule
and a stoichiometric amount of Eu3+ (100% Eu3+, i.e., all ligand
units were bound with Eu3+ in a metal to ligand ratio of 1 : 3) is
shown in Fig. 2a. This lm can be extended more than 6 times
its original length without breaking, displaying remarkable
mechanical stability and elastomeric behavior (Fig. 2b). A series
of stress–strain experiments was carried out to investigate the
mechanical reinforcement imparted by metallo-supramolecular
interactions. All metal ion coordinated lms displayed fasci-
nating mechanical properties upon external loading. The
mechanical responses of lms with different stoichiometric
ratios of Zn2+ : Eu3+ are illustrated in Fig. 2c in terms of engi-
neering stress sEng as a function of engineering strain 3Eng. The
control sample 0 : 0 showed a Young's modulus of 4
MPa (calculated from the slope of the curve at very small strain,
3Eng < 20%), an ultimate tensile strength of 3 MPa and a strain atThis journal is ª The Royal Society of Chemistry 2013
Fig. 1 (a) Ligand macromolecule bearing multiple BTP ligand units in the polymer backbone; (b) schematic illustration showing the metal–ligand complexes phase
separate from the linker chains to form “hard phase” domains of aggregates in the bulk (only the case with Zn2+ ions is shown here).











































View Article Onlinebreak of 700%. These mechanical data may originate from the
physical entanglements of the ligand macromolecule main
chain (the entanglement molecular weight of PTHF37 is about
2500 g mol1) and its polyurethane nature. Nevertheless,
addition of metal ions, either Zn2+ or Eu3+ or their combina-
tions, signicantly improved the mechanical performance.
Remarkably, the 0 : 100 lm even showed a tensile strength of
18 MPa, a strain at break of 1100% and 4 times increase in theFig. 2 Representative film made of Eu3+ (0 : 100) before (a) and after (b) stretching
Eu3+ and (d) the corresponding toughness (area under the stress–strain curves). The
The control sample 0 : 0 denotes a film made of ligand macromolecules only.
This journal is ª The Royal Society of Chemistry 2013toughness (total area under the stress–strain curve) to the
control sample (Fig. 2d). Furthermore, by varying the ratio of
Zn2+ : Eu3+, the tensile behaviors can be readily tuned (Fig. 2c).
Apparently, this reinforcement effect can also be regulated by
the overall concentration of the metal ions (ESI, Fig. S2†). The
mechanical properties of our lms are also comparable with
those hydrogen bonded thermoplastic elastomers, e.g., UPy
based polyurethanes3,15,16 and segmented polyurethanes38 and. (c) Stress–strain responses of films with different stoichiometric ratios of Zn2+ to
number at the bottom of the x-axis in (d) is the stoichiometric ratio of Zn2+ : Eu3+.
J. Mater. Chem. B, 2013, 1, 4809–4818 | 4811
Fig. 3 SAXS data for the metallo-supramolecular films containing 100% Eu3+
(0 : 100) at various temperatures. Two main Bragg peaks are indicated by black
arrows. The black dashed line is the 0 : 0 sample (control, no metal ion) at room
temperature, while the orange dashed line is the film containing 100% Zn2+
(100 : 0) at 180 C for comparison. The curves were shifted vertically for clarity.











































View Article Onlinepolyureas.39,40 There is a wide range of metal–ligand interactions
available, offering more opportunities to tune the mechanical
properties of the bulk materials.
The stress–strain curves all exhibit a sigmoid shape charac-
teristic for elastomeric polymers and are typically composed of
three regions. A linear elastic region (Region I) is discerned at
small 3Eng, (typically <100%), where the stress response is due to
the reduced entropy of the linker polymer chains. Aer the
pseudo-yield point, there is an intermediate region (Region II),
in which the stress increases slowly with strain. The breaking of
the “hard phase” domains and/or the disruption of the intra-
chain and interchain metal–ligand complexes are expected to
dominate in this region, similar to the unfolding of intra-
molecular b-sheets within the amorphous regions of spider
dragline41 as well as the unfolding of intramolecular and
intermolecular UPy dimers in Guan's titin mimetic polymer.3 In
this intermediate region the force across the cross section is
almost constant for 100 : 0 lms, and as a general trend the
higher the Zn2+ content the more attened Region II appears.
This is possibly due to the more mechanically labile nature of
the Zn : BTP complex and/or its hard phase as compared to the
Eu : BTP counterparts. Further stretching led to a stiffer upturn
of stress (Region III), which may result from the limited chain
extensibility and/or the strain induced crystallization of the
PTHF block with the progressive breaking and/or dissociation
of non-covalent domains (vide infra) and alignment of polymer
chains.42 It should be noted that a dynamic balance of disrup-
tion and rebuilding of metal–ligand complexes may persist
during stretching. The mean toughness values of the various
lms from three independent measurements are illustrated in
Fig. 2d. It is evident that upon the complexation with metal ions
the toughness is drastically increased, especially when 100%
BTP units were bound with Eu3+ ions (0 : 100). However, for the
four Zn2+ containing lms (100 : 0, 75 : 25, 50 : 50, 25 : 75), the
toughness values are within the experimental error, indicating
that Zn2+ has a signicant effect on the toughness. Collectively,
we infer that the 0 : 100 lm is stronger and more mechanically
stable than the Zn2+ containing ones. By using metal–ligand
interactions, we were able to construct biomimetic supramo-
lecular polymers with variable high tensile strength, toughness
and tensile strain.Microphase separation
To gain further insight into the superb mechanical properties of
the metallo-supramolecular lms, we then turned to study the
microphase separation and the thermal behavior. Small angle
X-ray scattering (SAXS) measurements were rst performed on
the lms with various Zn2+ : Eu3+ ratios and ratios of metal to
ligand at room temperature. The scattering intensity is plotted
as a function of the magnitude of the scattering vector q in
Fig. 3. No diffraction peak is identied for the control sample
0 : 0. A primary Bragg diffraction peak at around q1¼ 0.50 nm1
(d1 ¼ 2p/q1 z 12 nm) is identied for all metal ion containing
lms (ESI, Fig. S3 and S4†), which is related to the average
distance between the metal–ligand “hard phase” domains. This
result is consistent with a previous report on metallo-4812 | J. Mater. Chem. B, 2013, 1, 4809–4818supramolecular systems based on chain end type ligand mac-
romonomers.26 We denote this peak as “q1 peak” in the
following discussions. Interestingly, by varying Zn2+–Eu3+ ratios
(theoretically all ligands were bound with stoichiometric
amounts of metal ions), the q1 peak slightly shied to higher q
as Eu3+ content was increased, whereas the peak shape was
almost unchanged (Fig. S4†). For lms containing only one type
of metal ion, the q1 peak also slightly shied to lower q as the
metal ion concentration was decreased (Fig. S3†). In addition,
the q1 peaks of the 25 : 0 and 0 : 25 lms are not as sharp as
their counterparts, indicating less interdomain interference for
materials with low metal ion concentrations. Thus, more bulky
or denser “hard phases” are expected for lower Zn2+–Eu3+ ratios
and higher metal ion contents. No long range ordered struc-
tures existed here as revealed by the lack of subsequent scat-
tering peaks at corresponding q values. Close examination
reveals that a second peak is present at around q2 ¼ 5.0 nm1
(d2 z 1.2 nm), which can be assigned to the metal-to-metal
distance within the hard domain (denoted as q2 peak in the
following discussions).27 The result is consistent with the
presence of a q2 peak at 2q¼ 7 in the XRD patterns of lms with
various Zn2+–Eu3+ ratios (ESI, Fig. S5†). The q2 peak became
sharper and the amorphous halo turned smaller as the content
of Eu3+ was increased, which implies more ordered packing
inside the hard domains as more Eu3+ was introduced. The
major driving force of microphase separation is ascribed to the
immiscibility between the polar metal–ligand complex and the
hydrophobic PTHF segments. We notice that there are two
carbamate groups on either side of the BTP unit, which may
form lateral hydrogen bonding moieties to assist the phase
separation, similar to the UPy based systems.43–45 Indeed,
intermolecular hydrogen bonding of terminal hydroxyl groups
and ring-over-bond p–p stacking between the pyridyl ringThis journal is ª The Royal Society of Chemistry 2013
Fig. 4 (a) SAXS data along the tensile direction for a 0 : 100 film stretched at
various engineering strains 3Eng as indicated in the legend. The colored solid
arrows indicate the shifting of the q1 peak and the colored dashed arrows point
out the appearance of the q1
N peak. The curves were shifted vertically for clarity.
(b) The shift of the position of the q1 peak, denoted as Dd1(3Eng)/d1(3Eng ¼ 0), is
plotted against macroscopic strain. The dashed line represents affine
deformation.











































View Article Onlinesystems has been found in complexes of bishydroxyl function-
alized BTP ligand and Zn2+.46
Thermostability
In order for these metallo-supramolecular polymers to survive
under harsh conditions, e.g., high temperature, the decompo-
sition of the polymers and/or the melting of the hard domains
should be inhibited. The thermal stability and thermo-
mechanical properties of these lms were then investigated by
thermogravimetric analysis (TGA) (ESI, Fig. S6 and S7†) and
dynamic mechanical analysis (DMA) (ESI, Fig. S8 and S9†),
respectively. From TGA, the temperatures associated with the
initial weight loss were about 200 C for all the lms. DMA
measurements revealed that while the control sample was
owable at around only 50 C, the samples containing metal
ions still had considerable mechanical strength at 80 C or even
higher temperatures. The microphase separated structures in
the metallo-supramolecular lms were presumably unaltered
under thermal heating to 80 C and still could x the shape of
the lms. To test this hypothesis, SAXS measurements were
carried out on 100 : 0 and 0 : 100 lms at variable temperatures
ranging from 23 C to 180 C. Surprisingly, for both samples,
the shape and the position of the q1 peak were unchanged when
heated to 150 C (Fig. 3 and S10†). However, further heating to
180 C led to the disappearance of the q1 peak of the 0 : 100
sample, whereas the q1 peak of the 100 : 0 sample was retained
at this temperature (Fig. 3). Clearly, both samples are thermally
stable and the Zn2+ containing lm is more thermally stable
than that made of Eu3+. Modulated differential scanning calo-
rimetry (MDSC) was also performed and the results seemed to
be consistent with those of DMA and variable temperature SAXS
(ESI, Fig. S11†).
Mechanoresponsive behaviors
Since the interactions leading to the microphase separated
“hard phase” domains are non-covalent in nature, the metal–
ligand complexes and the “hard phase” domains can both be
regarded as mechanophores.35,36 A study on the macroscopic
and microscopic mechanoresponsive behaviors of the mecha-
nophores will provide key insights into the microscopic and/or
molecular mechanisms of the biomimetic toughening and
adaptability. This will also aid further improvements in the
structure design and performance of the materials.
Firstly, SAXS was performed to study the response of the
microphase separated structure to stretching. The results are
illustrated in Fig. 4 and S12.† Limited by the setup of the SAXS
apparatus, the scattering data along the tensile direction are
presented. An interesting phenomenon was observed from the
plots of scattering intensity at various 3Eng. For the Eu
3+ con-
taining samples, the position of the q1 peak continued shiing
towards lower q at the initial stages of the deformation.26 When
3Eng surpassed some critical value (denoted as 3Eng
D), i.e., 300%
and 100% for 0 : 100 and 50 : 50, respectively, the shi was no
longer visible. It should be noted that the disappearance of q1
peak at higher stretching may be the true end of the shiing or
due to the limit of low q range. Eventually, the scattering curveThis journal is ª The Royal Society of Chemistry 2013with a slope of 1 at low q was observed, which typically indi-
cates scattering objects of high aspect ratio along the tensile
direction,47 when 3Eng (denoted as 3Eng
O) approached 500% and
700% for 0 : 100 and 50 : 50, respectively. Interestingly, during
the shiing of q1 peak to lower q, a new diffraction peak,
denoted as q1
N, appeared at a position similar to that of the q1
peak. The appearance of q1
N occurred at 3Eng (denoted as 3Eng
N)
of 100% and 50% for 0 : 100 and 50 : 50, respectively, and
appeared to exhibit increasing intensity with stretching until
3Eng reached 3Eng
O. The 100 : 0 sample also exhibited a scat-
tering intensity with a slope of1 at low qwhen 3Eng approaches
700%, however, no discernable shi of q1 peak was observed at
all applied strains. It is thus reasonable to assume that shiing
of q1 peak, the appearance of q1
N peak and scattering curve withJ. Mater. Chem. B, 2013, 1, 4809–4818 | 4813
Fig. 5 Schematic diagram of microscopic mechanism during tensile stretching of
the films. One of the chains is highlighted in blue for demonstration (other chains
inside the soft phase are purposely omitted for clarity). The stretching direction is
horizontal. (a) No deformation. (b) Affine deformation at small strain. (c) The hard
domains are highly stretched similar to the soft phase (Region II). (d) Fragmen-
tation of the hard modular domains and possible dissociation of metal–ligand
complexes.











































View Article Onlinea slope of 1 at low q are all dependent on the stiffness of the
“hard phase” domains and accordingly on the Zn2+ : Eu3+ ratio.
As Eu3+ ratio was increased, q1 can be shied to lower q at
higher strains (3Eng
D) and q1




The initial shi of q1 peak to lower q under stretching
corresponds to an increase of the hard domain spacing along
the tensile direction, i.e., Dd1(3Eng) ¼ d1(3Eng)  d1(3Eng ¼ 0),
which gives a good estimation of the local displacement of the
hard phase domains. The variable Dd1(3Eng)/d1(3Eng¼ 0) renders
a measurement of the microscopic strain in the so phase.
Fig. 4b plots Dd1(3Eng)/d1(3Eng ¼ 0) obtained from the shiing of
the position of the q1 peaks as a function of the macroscopic
strain 3Eng. For 0 : 100 and 50 : 50, a good coincidence is seen
between the local stretching Dd1(3Eng)/d1(3Eng ¼ 0) and the
global extension 3Eng at strains no larger than 3Eng
N (namely,
100% and 50% for 0 : 100 and 50 : 50, respectively), implying
that affine deformation dominated in Region I in the stress–
strain curve as shown in Fig. 2c (vide infra). Shiing of q1 peak
can barely be discerned in 100 : 0, therefore, no or little affine
deformation is expected to occur in this sample under stretch-
ing, possibly due to deformation and/or disruption of the hard
domains at early stages of stretching.
The appearance of q1
N, which can be considered as the
presence of new hard domains of similar d spacing to that of the
original hard domains, is assumed to be a consequence of the
onset of interior plastic deformations corresponding to
disruption of the original hard domains into smaller broken
pieces, which are relaxed to exhibit d spacing similar to that of
the original hard domains.42,48 This event was coincident with
the pseudo-yield and the onset of Region II in stress–strain
curves. Above the onset strain of the appearance of q1
N peak,
disruption of the original hard domains is expected to continue
and the newly formed broken pieces can be further fragmented
into smaller pieces. As more and more broken pieces were
formed and relaxed, the intensity of q1
N was increased. Further
stretching to higher strains did not alter the position of the q1
N
peak, but the peak intensity eventually diminished as 3Eng
O was
reached, indicating signicant disintegration of the hard
domains and the onset of Region III (see also in ESI, Fig. S13†).
These results, together with the stress–strain behaviors, indi-
cate that the hard domains in samples with higher Zn2+ ratios
are less mechanically stable, but their disruption can persist to
higher strain.
We then propose a microscopic mechanism for the mecha-
noresponsive behavior as illustrated in Fig. 5 based on the
above observations. The lms before stretching can be viewed
as binary systems where metal–ligand complexes together with
the lateral hydrogen bonded carbamate groups phase separate
to form hard domains that are randomly embedded in the so
PTHF matrix (Fig. 5a, also Fig. 1b). Indeed, this phase separated
structure is well conrmed by both SAXS and TEM (Fig. S14†).
When subjected to stretching under small strain (Region I), the
hard domains respond to the alignment of the so PTHF chains
with no or small alteration in their domain shapes. They are
separated from each other in the tensile direction while forced
together in the transverse direction as depicted in Fig. 5b. At4814 | J. Mater. Chem. B, 2013, 1, 4809–4818further stretching (Region II), as the local stress reaches a
certain threshold value, the cohesive energy of the hard
domains is overwhelmed by the increasing strain energy. The
hard domains then deform signicantly with the so segments
in accordance with the macroscopic strain eld to form
stretched structures. At the same time, some of the hard
domains are shattered under stress with or without the disas-
sociation of the metal–ligand complexes (Fig. 5c). Both of these
two events can result in the appearance of q1
N for Eu3+ con-
taining samples (0 : 100 and 50 : 50) and no shi of q1 peak for
100 : 0 sample.42,48 The onset of this interior plastic deformation
can be well correlated to the pseudo-yield in the stress–strain
curves shown in Fig. 2c. Therefore, the boundary strain, i.e.,
3Eng
N, between Region I and Region II is a good estimate for the
onset of the disruption event of the hard domains (Fig. 2c).
Further stretching leads to continuous disruption of both the
original and the fragmented hard domains and possible
dissociation of metal–ligand complexes. Owing to the non-
uniform load-bearing capacity of the microphase separated
structures, a small portion of the hard domains can still sustain
the load and concomitantly separate from each other in accor-
dance with the macroscopic strain in this stage. The above
scenario is consistent with the much weaker dependence of
stress on strain in the intermediate region (Region II) and the
fact that the upper boundary of q1 peak shiing (3Eng
D) is larger
than 3Eng
N in Eu3+ containing lms. As 3Eng
D is approached, the
original hard domains are all expected to be shattered into
smaller pieces, possibly together with some partiallyThis journal is ª The Royal Society of Chemistry 2013











































View Article Onlinecoordinated complexes and free ligands, shiing of q1 peak is
no longer visible (Region II, Fig. 5d). As the stretching process
goes further and further, the fragmented hard domains are
further disrupted and the electron density contrast of the two
phases is gradually smeared, which results in a reduction of the
scattering intensity of the q1 or q1
N peak. However, the disrup-
tion of the hard domains may not be complete at high defor-
mation strains (e.g., larger than 3Eng
O) or even in the presence of
orientation or crystallization of the so PTHF segments (Region
III), leading to the persistence of the diffraction peak detectable
by SAXS at all strains applied. The above SAXS observations and
our proposed mechanism are consistent with previous real-time
observations in segmented polyurethanes under uniaxial
stretching.48–51
From the above observations on mechanical properties,
thermal stability and mechanoresponsive behaviors, it is clear
that the higher the Eu3+ ratio the more mechanically stable the
samples are, whereas the higher the Zn2+ ratio the more ther-
mally stable the samples are. These results seem to be contra-
dictory to the nding that Zn2+ has a larger binding constant
with BTP ligand than Eu3+.29 However, because Zn–BTP and Eu–
BTP complexes can form different crystals46,52 and the two
carbamate groups present on either side of the BTP unit may
form lateral hydrogen bonding moieties to assist the phase
separation of the metal–ligand complexes, more effective
packing is possible inside the hard domains with higher Eu3+
fraction. This was conrmed by the SAXS and XRD measure-
ments of lms with different Zn2+ : Eu3+ ratios (ESI, Fig. S4 and
S5†). As a consequence, stiffer hard phase domains and higher
mechanical stability were found in samples containing more
Eu3+. Nevertheless, since hydrogen bonding is more sensitive to
thermal stimulus than metal–ligand interactions, the thermal
stability of the hard phase is mainly dependent on the thermal
stabilities of the metal–ligand interactions. Therefore, higher
thermal stability is observed in samples with higher Zn2+ ratio,
consistent with the previous reports.2,25
Collectively, it suggested to us that the thermally stable
mechanophores of metal–ligand complexes and their phase
segregated hard phase domains are prone to mechanical stim-
ulus, i.e., metal–ligand based domains (“hard phase” domains
and/or complexes) with high thermal activation energy barrier
can be readily disrupted by mechanical force. A similar concept
has been well documented and accepted in mechanochemistry
of covalent mechanophores.36,53–58 The disruption of hard
domains and the dissociation of the complexes are similar to
the unfolding of modular domains in modular bio-
macromolecules, such as silk, titin, bronectin and cad-
herin.3,14–16 The whole mechanism of mechanical response
discussed above greatly aids the toughness of the lms by
signicant dissipation of the strain energy and is consistent
with our expectation.Fig. 6 Stress as a function of time during stress relaxation measurements on
100 : 0 and 0 : 100 films. UV irradiation was applied at time intervals of 20–30 s,
60–70 s and 100–110 s as shown by the gray rectangles. The dashed lines are the
corresponding relaxation curves without UV irradiation.Photoresponsive behavior
Having demonstrated the enhanced mechanical properties,
thermal stability and mechanoresponsive behaviors by con-
structing modular structures through the phase separation ofThis journal is ª The Royal Society of Chemistry 2013metal–ligand complex, efforts were thenmade to investigate the
response of the lms to other stimuli.
All the samples are uorescent and the photoluminescence
can be adjusted by varying the ratios of Zn2+ : Eu3+ and the ratio
of metal ion to ligand (Fig. S16†). We thus attempted to study
the photo-induced mechanical response. Stress relaxation
experiments were performed with or without UV irradiation
intervals.
Two sets of experiments were conducted. In each set of
experiments, lms of 100 : 0, 0 : 100 and the control sample
0 : 0 were rapidly stretched (1000 mmmin1) to a strain of g0 ¼
50% and xed at that value, then the time evolution of the stress
was monitored. In the second set of experiments, ultraviolet
irradiation with a wavelength of 320–390 nm and a power
intensity of 1280 mW cm2 was applied during the time inter-
vals of 20–30 s, 60–70 s and 100–110 s (indicated by the gray
rectangular areas in Fig. 6). As shown in Fig. 6, without UV
irradiation the 100 : 0 lm relaxed the fastest. This is consistent
with the lower mechanical stability of the Zn2+ containing
samples. The exposure to UV light caused rapid drops of tran-
sient stress sEng(t) in metallo-supramolecular materials (both
100 : 0 and 0 : 100), especially in the earlier stage (20–30 s
period), whereas almost no effect was observed for the control
sample. In other words, the metal ion containing samples were
greatly soened and the disassociation kinetics was markedly
accelerated. The drop of transient stress seemed more signi-
cant in the Eu3+ containing sample than in the Zn2+ containing
one. The UV irradiation of metallo-supramolecular materials
can result in a photothermal conversion, which has been
utilized by Rowan et al. to demonstrate optically induced heal-
ing and shape memory effect.26,29 Indeed, a temperature rise
upon high intensity UV irradiation was also observed in our
metallo-supramolecular systems. However, the maximum rise
did not exceed 10 C (ESI, Fig. S17†). Collectively, it suggested toJ. Mater. Chem. B, 2013, 1, 4809–4818 | 4815











































View Article Onlineus that the relaxation of our metallo-supramolecular materials
is very sensitive to UV irradiation, possibly due to the thermal
effect generated by photothermal conversion from UV irradia-
tion. The 100 : 0 lm exhibited less responsiveness than the
0 : 100 one, consistent with the higher thermal stability of the
Zn2+ containing samples.Chemoresponsive behaviors
One of the exciting properties of metal–ligand interactions is
their responsiveness to various chemicals. The chemo-
responsive behaviors of metal–BTP have been well demon-
strated in our previous work on organic gel systems.25 Here we
examined the chemoresponsive behaviors of the solid lms by
using methanol as an example chemical. Dry lms were sus-
pended above 15 mL methanol in 100 mL sealed asks for 15
min at room temperature to absorb the methanol vapor, fol-
lowed immediately by mechanical tests. As can be seen in Fig. 7,
all samples (solid lines) exposed to methanol vapor showed
drastically weakened mechanical properties compared with
their virgin counterparts in terms of Young's moduli, tensile
strengths and toughness. The 100 : 0 lm had almost lost
mechanical strength while the 0 : 100 and 0 : 0 samples
retained partial mechanical properties. As little or no competi-
tive binding was found for methanol on metal–BTP complexes,
the weakening effects are thus most probably due to the strong
plasticizing effect of methanol on the hard phase and the
breaking of the hydrogen bonding in the presence of methanol.
TGA measurements on the methanol treated samples showed
that the 100 : 0 sample absorbed the largest amount of meth-
anol (ESI, Fig. S18†), presumably due to the highest metal ion
concentration in this material and the possible difference in the
abilities of the metal ions and/or metal–BTP complexes to
absorb methanol. Therefore, it is reasonable for the 100 : 0
sample, which also has weaker hard domains and less chain
branching due to lower coordination number of Zn2+, to exhibitFig. 7 Stress–strain curves of films treated with methanol vapor. Dashed lines
are the films without treatment.
4816 | J. Mater. Chem. B, 2013, 1, 4809–4818a stronger weakening effect. Similar behaviors were observed if
strong competitive binding chemicals were adopted. Therefore,
it is possible to adjust the mechanical properties of the metallo-
supramolecular materials, by using adequate chemicals.
Conclusions
In summary, utilizing non-covalent metal–ligand interactions
allowed us to create biomimetic bulk materials exhibiting
excellent mechanical and multiple responsive properties.
Upon complexation with metal ions, phase separation
occurred in the bulk metallo-supramolecular materials. The
phase separated structure served as mechanically labile moieties
to mimic modular structures in biomacromolecules. The
biomimetic metallo-supramolecular lms exhibited superb
mechanical properties that are much higher than those of the
ligand macromolecule and were tunable by metal ions. Such
phase separated hard domains were thermally stable up to 180 C
but were rather prone to disruption by mechanical stretching
under ambient conditions, similar to the reported covalent
mechanophores. In particular, Zn2+ containing samples were
thermally more stable but were less mechanically stable as
compared to Eu3+ containing samples. In addition, the biomi-
metic metallo-supramolecular materials displayed responsive
mechanical properties to UV irradiation and chemicals.
To the best of our knowledge, this is the rst example
showing the use of metal–ligand interactions in building
biomimetic materials with superb mechanical properties and
mechanoresponsive behaviors. Our design may provide new
avenues for the development of biomimetic polymers with
tunable mechanical performance coupled with innovative
multiresponsive and self-healing capabilities, which are of
increasing interest to both scientists and engineers.
Experimental section
Synthesis of ligand macromolecule
The detailed procedure of the synthesis of ligand macromole-
cules was published elsewhere.25 Briey, bis-hydroxyl function-
alized BTP ligand was rst prepared via CuAAC click reaction of
2,6-diethynyl pyridine and 3-azidopropan-1-ol. A bis-isocyanate
functionalized prepolymer of PTHF (Mn of 2000) was also
synthesized. The ligand macromolecule was obtained by the
chain extension reaction of the bis-isocyanate functionalized
PTHF prepolymer using bis-hydroxy functionalized BTP as
chain extender (Fig. S1†). The nal product was conrmed by
1H NMR (Bruker AV400) and GPC to have a number averaged
molecular weight of 30 000 g mol1 and polydispersity of 1.5,
i.e., 12 BTP units were incorporated into the backbone on
average.
Preparation of metallo-supramolecular lms
Ligand polymer was dissolved in chloroform at a concentration
of 0.125 g mL1. Prescribed amounts of solutions of Zn(OTf)2
(0.05 mol L1) and/or Eu(OTf)3 (0.015 mol L
1) in acetonitrile
were carefully dropped into stirring polymer solutions in
customized Teon molds. The amount of metal added wasThis journal is ª The Royal Society of Chemistry 2013











































View Article Onlineadjusted to provide different stoichiometric ratios of metal ion
to the ligand macromolecule and Zn2+ : Eu3+. On addition of
metal salts, gels eventually formed. The gels were then centri-
fuged to remove air bubbles and further allowed to dry slowly at
room temperature for 24 h. The remnant solvent was removed
by vacuum for another 24 h. Clean and clear lms were obtained
and peeled off the Teon casters for subsequent measurements.Mechanical test
Stress–strain curves were investigated on an Instron 3343
machine. Samples were stretched with a strain rate of 0.05 s1
(a rough cross head speed of 0.64 to 1.00 mm s1 depending on
the gauge length). To prevent slippage, small pieces of the same
material were used to wrap around the testing sample in the
region of the grips.SAXS measurement
SAXS experiments were performed using an Anton-Paar SAXSess
mc2 system. The wavelength of the X-ray beam was 0.1542 nm
and a setup of slit collimation with slit dimensions of 20  0.3
mm2. The scattering vector is dened as q ¼ 4p/lsin(q), where l
is the wavelength of the X-ray beam (0.1542 nm) and 2q is the
scattering angle. The sample-to-detector distance was calibrated
to be 260 mm using a silver behenate standard with (001) peak
position at q ¼ 1.076 nm1. For variable temperature
measurement, lms were clamped into the sample holder and
heated. The scattering intensities were collected at various
temperatures from ambient conditions to 180 C. Scattering of
stretched lms was also conducted. Two marks were placed in
the center of the lms before deformation. They were loaded to
desired strain (judging from the distance between the two
marks) on the Instron machine and then carefully tightened
into the sample clamps. No visible retraction was detected aer
clamping. Limited by the slit collimation system, we only
obtained the scattering data along the tensile direction with
satisfactory resolution. The typical exposure time was 15 min.
The raw scattering intensities were automatically desmeared by
commercial soware SAXSqudrant.UV irradiation
To test the photothermal effect of UV irradiation, lms were
exposed to a ltered light source (UVATA LED UV Curing
System, Model: UVATA-UP), which irradiated the samples with
wavelengths of light from 320 to 390 nm at a power intensity of
1280 mW cm2. The temperature of the lms was measured
using an Optria MS (MS pro) IR thermometer.Relaxation tests
Relaxation tests were performed on an Instron 3343 machine.
Samples were stretched with a strain rate of 1000 mm min1 to
the prescribed strain and set at this stain for relaxation for
120 s. To prevent slippage or breakage, small pieces of the same
material were used to wrap around the testing sample in the
region of the grips.This journal is ª The Royal Society of Chemistry 2013Acknowledgements
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